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Understanding the Role of Cesium on Chemical Complexity
in Methylammonium-Free Metal Halide Perovskites
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1. Introduction

Mixed cesium- and formamidinium-based metal halide perovskites (MHPs)

are emerging as ideal photovoltaic materials due to their promising perfor-
mance and improved stability. While theoretical predictions suggest that a
larger composition ratio of Cs (=30%) aids the formation of a pure photoac-
tive a-phase, high photovoltaic performances can only be realized in MHPs
with moderate Cs ratios. In fact, elemental mixing in a solution can result in
chemical complexities with non-equilibrium phases, causing chemical inho-
mogeneities localized in the MHPs that are not traceable with global device-
level measurements. Thus, the chemical origin of the complexities and
understanding of their effect on stability and functionality remain elusive.
Herein, through spatially resolved analyses, the fate of local chemical struc-
tures, particularly the evolution pathway of non-equilibrium phases and

the resulting local inhomogeneities in MHPs is comprehensively explored.
It is shown that Cs-rich MHPs have substantial local inhomogeneities at
the initial crystallization step, which do not fully convert to the a-phase

and thereby compromise the optoelectronic performance of the materials.
These fundamental observations allow the authors to draw a complete
chemical landscape of MHPs including nanoscale chemical mechanisms,
providing indispensable insights into the realization of a functional mate-

rials platform.
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In recent decades, metal halide perovskites
(MHPs) have attracted massive interest
because of their excellent optoelectronic
properties and ease of manufacturing,
with tremendous photovoltaic (PV) per-
formance of 25.8% (31.3% for tandem PV)
observed in solution-processed devices.!!
The outstanding functionality observed
in leading MHPs highlights an exciting
path toward the commercialization of
MHP PVs. A key factor constraining the
realization of MHP PV technologies is
the notorious thermodynamic instability
of the photoactive co~phase. In particular,
the o-phase formamidinium (FA) MHPs,
which are the leading composition exhib-
iting excellent PV performances,* suffer
from a thermodynamic instability and
subsequent transformation to a hexagonal
Sphase under ambient conditions.[%7]

It has been proposed that this insta-
bility can be alleviated by incorporating
other monovalent cations — such as meth-
ylammonium (MA) or cesium - into the
matrix to form alloy-like structures that
mediate the tolerance factor of the lattice and promote entropy-
driven thermodynamic stabilization.® Also, it has been
found that the nanoscale inhomogeneities present in the mixed
MHP system can improve carrier transport and thereby device
performance.l'?3l However, the evaporation of volatile MA is
known to destabilize films, so recent efforts have explored the
potential for stability enhancement in CsFA mixed-cation sys-
tems where the non-volatile inorganic Cs provide more robust
stabilization.18l

Despite recent progress, it has been reported that the
incorporation of inorganic components, typically alkali metal
(i-e., potassium, rubidium, and Cs) halides, can leave clustered
crystallites in the MHP matrix; the extent of such inhomoge-
neities increases with increasing concentration of the inorganic
halides in the precursor solution.'”) Such inorganic crystallites
are known to detrimentally affect the optoelectronic perfor-
mance of the MHP matrix by impeding electrical transport and
promoting recombination loss.[1:20]

The appearance of these secondary phases and the conse-
quent local inhomogeneities in CsFA MHP films may be attrib-
uted to the low solubility of the inorganic precursors in solvents;
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the solvated inorganics and/or undissolved micro-crystallites
can be readily precipitated upon solution processing.[?%?2 The
formation of local non-perovskite crystallites inevitably takes up
partial cations and halides that were originally intended to be
part of a homogenized phase.?3?4 This may distort the real sto-
ichiometry of the initial photoactive o-CsFA MHP lattice, lim-
iting the successful formation of a homogenized o-MHP with
the desired composition and optoelectronic performance.!’!
Moreover, it has been found that these non-perovskite phases
can initialize nanoscale local degradation of the mixed cation
MHP system.[?”! Understanding the essence of these secondary
phases — especially their fate of formation — can provide invalu-
able insights into the development of state-of-the-art MA-free
MHP systems.

Because of the chemical complexity and sensitive nature
of these systems, the formation of the nanoscopic local dis-
order can be readily initiated by subtle changes in chemical
composition and processing conditions that can then evolve in
multimodal ways. Probing these changes requires a state-of-the-
art analytical tool capable of capturing the nanoscopic chem-
istry in MHPs. Time-of-flight secondary ion mass spectrometry
(ToE-SIMS) has been used to provide spatially resolved chemical
insights in the MHP system.[?°2% Meanwhile, hyperspectral
cathodoluminescence (CL) microscopy techniques can spatially
map the energetics of electronic transitions in MHPs.[13-20:30]
Combined, these tools can provide a comprehensive, spatially
resolved understanding of the nanoscopic chemistry and opto-
electronic properties in MHPs.

Here, we systematically explore the influence of the Cs
composition ratio on the phase evolution of CsFA MHP sys-
tems by identifying the crystal structure of resulting films with
nanoscale spatial resolution. Two different Cs stoichiometries
(33% and 17%; denoted as Cs-rich and Cs-moderate MHPs,
respectively) were selected as model compositions of the CsFA
MHPs. High-throughput exploration suggested Cs-moderate
MHP as an optimal composition for high PV performance.231
Meanwhile, theoretical predictions suggest that =30% Cs con-
tent could thermodynamically minimize the formation of both
6-CsPbl; and &FAPbI; phases (from o-MHP phase), which
would help obtain a phase-stable and homogeneous MHP.!"®!
Informed by complementary ToF-SIMS and CL microscopies,
the following key observations are revealed here: 1) consider-
able amounts of non-perovskite phases (i.e., CsI, 6-CsPbl;, and
6FAPDI;) are present in the Cs-rich MHP before annealing.
2) These non-perovskite phases in Cs-rich MHPs are not com-
pletely converted after annealing at appropriate temperatures,
whereas a nearly pure, homogeneous o-CsFA phase is formed
in Cs-moderate MHP. 3) Meanwhile, excessive annealing tem-
peratures again promote the formation of &phases and PbI,
in both MHP systems, rather than eliminating them. 4) Addi-
tionally, the incorporation of Br (17%) can alleviate the forma-
tion of local phase inhomogeneities at the initial stage of MHP
crystallization. Local analyses of the electrical properties using
conductive atomic force microscopy (cAFM) and Kelvin probe
force microscopy (KPFM) confirm that such non-perovskite
phases, which act as electrical insulators, not only disrupt local
conductivity by blocking current flow but also drastically com-
promise the MHP photocurrents/photovoltages. These observa-
tions describe the essential reasons why the performance and
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longevity of Cs-rich MHP PVs are inferior to those of their
Cs-moderate counterparts.*2l Together, these measurements of
spatially resolved physical/chemical landscapes provide a fun-
damentally new understanding of functional semiconducting
materials and an ideal pathway to realize high-performance,
long-lasting, mass-producible, and commercially viable MHP
optoelectronics.

2. Results and Discussion

The desired long-term stability and optoelectronic performance
of CsFA-based MHPs stem from the improved durability of
the photoactive o~phase that results from the thermodynamic
preference for the metastable structure.'!’ However, high-
throughput compositional exploration of these MHP systems
revealed that there are still noticeable structural inhomogenei-
ties including secondary phases and different grain sizes.’!
As these systems are made under relatively low temperatures,
mixing such a multitude of chemical species could result in
highly non-equilibrium phases associated with the crystal-
lizing behaviors of each chemical species. Nevertheless, only
the final structures of the MHP systems have been considered
and investigated so far, particularly using device-level measure-
ments. Such global measurements only provide bulk-averaged
information, and thus, they cannot trace the chemical complex-
ities of the MHP systems as well as the consequent effect of
their functionalities, which remain uncovered.

Spatially resolved ToF-SIMS measurements were used to
probe local inhomogeneities in the MHP film surfaces and
their evolution with temperature.?-281 For the pristine films
before annealing, the ToF-SIMS positive ion maps revealed
that Cs* (red) and FA* (green) cations are not homogeneously
distributed over the analyzed areas (Figure 1a). Needle-like Cs
aggregates — with respective lengths and widths of =10-20 and
1-2 um — were prevalent over the surface of the Cs-rich (x=0.33)
MHP matrix. The local positions of Cs* are exclusively matched
with those of 17, Cs,I*, and Csl,", as observed from the indi-
vidual ion maps (Figures S1—S4, Supporting Information). Due
to the very strong Cs™ and I~ signals,**l the Pb* intensity at these
aggregates is not appreciable, and it is difficult to assign
these Csl-based aggregates to the &CsPbl; phase. However,
these observations suggest that there are substantial phase
inhomogeneities in the MHP films before annealing that are
associated with the inorganic salt, Csl. Given the poor solu-
bility of CsI in the solvents used here, these inorganic salts
might be precipitated out, or undissolved micro-crystallites
might be left after solution processing, in accordance with a
previous report.2131]

Interestingly, the distinctive Csl-based aggregates undergo
notable phase transformations during thermal annealing. After
annealing at 150 °C, the needle-structured Csl-based aggre-
gates start to melt/disappear (Figure 1b) and both Cs* and FA*
(as well as I, as shown in Figure S1, Supporting Information)
appear more homogenous across the MHP film. Note that
the Cs-rich MHPs still exhibit Csl-based aggregated regions,
whereas the Cs* and FA*' cations in the Cs-moderate MHP
are spatially homogenized. These observations indicate that
annealing at 150 °C converts the aggregates to MHP phases
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Figure 1. a—d) Overlays of Cs* (red) and FA* (green) maps by ToF-SIMS spectrometry of Cs,FA,_Pbl; MHP systems with increasing annealing tempera-
ture (Scale bar: 5 um). Statistical histograms of e,g) Cs* and f,h) FA* ion intensities estimated from the corresponding ToF-SIMS maps: e,f) Cs-rich

and g,h) Cs-moderate MHPs, respectively.

and eliminates the local inhomogeneities in the Cs-moderate
film, suggesting that the applied thermal energy is sufficient
to overcome the thermodynamic barrier for the transforma-
tion of non-perovskite phases to the photoactive o-phase.’!
In contrast, the significant compositional disorder in Cs-rich
MHP (i.e., Csl-based aggregates) cannot be fully mediated by
annealing at 150 °C, even though relatively lower tempera-
tures < 100 °C are required for the &to-o phase transition in
Csg3FAy; MHPs.[1°]

The chemical disorder in the Cs-rich MHPs was not allevi-
ated after annealing the films at 200 °C (Figure 1c). This indi-
cates that the formation of homogeneous Cs-rich o-MHPs is
not feasible by just controlling temperature, and control of
solvents, additives, etc. is likely needed to improve the film
homogeneity. Additionally, the homogeneous Cs-moderate
MHP annealed at 150 °C exhibits increased heterogeneity at an
annealing temperature of 200 °C: CsI-based aggregates emerge
due to the deformation of the o~CsFA MHP phase. For films
annealed at 250 °C, the number and size of Csl-based aggre-
gates increase further in all films (Figure 1d). This implies
that the deformation of MHPs might result from the thermal
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decomposition of FA*[*Y suggesting that annealing tempera-
tures > 200 °C are inappropriate for functional MHP films.
The histograms of ToF-SIMS intensities in Figure le-h
illustrate qualitative changes of each ion in the MHP film as
a function of annealing temperature. While the Cs-rich iodide
MHP exhibits broader and disordered features, the Cs* and FA*
distributions narrow after annealing at 150 °C (Figure lef).
This indicates that moderate heat induces a phase transforma-
tion process that results in a relatively homogeneous ion dis-
tribution over the MHP matrices. The spatially homogenized
chemical compositions are particularly clear in the Cs-moderate
MHP. The Cs* distributions become broader and shift towards
higher intensity levels as the annealing temperature increases
to 250 °C as a result of Cs aggregation which is also observed
in the corresponding ion maps. Similar trends were observed
for I~ (Figure S5, Supporting Information). This suggests that,
at excessive temperatures, phase transformation processes are
mainly associated with Cs*, but nontrivial reaction pathways of
I~ with other cations (e.g., Pb*) are also present. In contrast,
the distributions of FA* — though they also become broader
— shift towards low-intensity levels, resulting in lower FA* to
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Figure 2. a—d) SEM images, e—h) CL microscopy maps, and i-l) local CL spectra (from positions marked in SEM image) of Cs-rich iodide MHPs, with
increasing annealing temperature: a,e,i) unannealed, b,f,j) annealed at 150 °C, c,g,k) annealed at 200 °C, and d,h,l) annealed at 250 °C, respectively.
Scale bar: 1 um. The regions highlighted with red lines indicate the Cs-inactive area, assigned to be Csl. For i-l), the spectral regions where the CL
peak corresponds to each phase are displayed as a color bar on top of the plot. In (e) and (f), the similarity in 443 and 512 nm-passed CL maps is due

to the broadband &-CsPbl; CL emission and the absence of Pbl, CL.

Cs* intensity ratios (Figure S6, Supporting Information). This
may be ascribed to the evaporation of FA* during annealing at
higher temperatures, as previously reported for pure FAPDbI,
MHPs.[34

Upon Br incorporation, the sizes of Csl-based aggregates
become smaller and the Br-related signals are strongly spa-
tially correlated with the Csl-based aggregates (Figures S3, S4,
and S7, Supporting Information). These features might be
due to a chemical equilibrium in the halide exchange reaction
of CsI (with Br) driven by the existence of free Br~ ions (that
result from the dissolution of FABr) in the precursor solution
(Note S1, Supporting Information).*>3¢ In addition, relative
drops of Br ion intensity were observed in the mixed-halide
system annealed at 250 °C (Figures S8 and S9, Supporting
Information), as a result of Br evaporation at the film surface
(Note S1, Supporting Information).**

Overall, ToF-SIMS observations clearly reveal the presence of
substantial Csl-based aggregates in the MHP thin films before
annealing. However, we could not precisely assign these to Csl
or &CsPbl; at this stage as the intensities of Cs* and I~ ion
mass are too strong; these elements are readily ionized during
measurement and the intensity of Pb" ion mass observed at
these regions are relatively weak. By thermal annealing at
150 °C, these inorganic aggregates in Cs-moderate MHP are
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homogenized into the films to form the o-CsFA MHP phase,
whereas those in Cs-rich MHP partially remain in the film and
couldn’t fully transform to the desired phase. In both cases,
further raising the annealing temperature produces additional
Csl-based aggregates on the MHP surface by decomposition of
FA*.

Hyperspectral imaging of the CsFA MHP films using CL
microscopy further revealed nanoscopic insights into these
materials and their phase transformations. Based on the
global features of CL spectra from the MHP films, three key
spectral features (from different phases) were identified — the
asymmetric broadband peak at =450 nm and strong peaks
centered at 510 and =780 nm, which are respectively assigned
to &CsPbl;,**] Pbl,, and band-edge emission of MHPs as
shown in Figures 2 and 3 (Figures S10 and S11, Supporting
Information for mixed-halide MHPs). This allows us to map
the precise spatial distribution of these phases and correlate the
spatially resolved optoelectronic properties with the stoichio-
metric understanding provided by ToF-SIMS analysis.

We also implemented a multivariate statistical analysis —
non-negative matrix factorization (NMF) — to analyze the overall
CL spectra in images. This unsupervised machine learning
method allows us to readily decompose the CL spectra of a
scanned image into fragmental components, thereby constructing
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Figure 3. a) Schematic illustrating the formation pathway of Csl microcrystallites covered by &CsPbl; during the spin-coating process of CsFA MHP
films. The right panel b) illustrates the changes in relative Csl concentration in each precursor solution (expressed with green and blue bars for Cs-rich
and Cs-moderate systems, respectively) by solvent evaporation during spin-coating. At the initial stage where the concentrations are below the satura-
tion point, the precursors are dissolved in both cases. Upon spin-coating, the solvent evaporates and Csl starts to precipitate when the concentration
exceeds a saturation point (marked with a red triangle and dotted line). At the final stage where the solvent is fully dried, the microcrystallites emerge

in the film, preventing the formation of homogenous o~CsFA MHP.

a spatially resolved CL map corresponding to each spectral
component. As a result, each CL spectral component produced
by NMF decomposition is statistically generalized, and the cor-
responding CL maps clearly represent the spatial distribution
of the component. Through a visual inspection, depending on
the complexity of CL spectra in each image, we selected the 4
to 6 components for NMF decomposition (Figures S12—S15,
Supporting Information). For all CL images explored in this
study, the NMF decompositions are qualitatively similar to the
wavelength-specific maps that we manually selected.

Figure 2 shows scanning electron microscopy (SEM) images
(Figure 2a-d), corresponding wavelength-specific CL maps
(Figure 2e-h) and site-specific local CL spectra (Figure 2i-l) of
Cs-rich iodide MHPs annealed at different temperatures. From
the SEM image of the MHP before annealing, it was observed
that rod-shaped features with diameters of around 150-200 nm
intercalated within the relatively flat film matrix. These features
are spatially correlated with CL signals in the 443 nm wave-
length-filtered map, indicating the presence of the &CsPbl;
phase,! consistent with the Csl-based aggregates observed
from ToF-SIMS analysis (Figure la). CsI micro-crystallites
could react with Pbl, precursors, forming a &CsPbl; phase that
covers the CsI surface (vide infra). However, at this stage, it is
difficult to resolve Csl phases with CL microscopy because the
5.5 eV Csl bandgap is outside our detection window. Note that
the similarity between the 443 and 512 nm bandpass-filtered CL
maps is due to the broadband &CsPbl; CL emission and the
absence of substantial PbI, CL in this film; the spectral overlap
results in the replica of the 443 nm CL map in the 512 nm
map, while the spatially localized emergence of Pbl, produces
brighter spots in the map. The CL emission of the MHP grain
exhibits a strong peak centered at =803 nm and a relatively
weak peak centered at =740 nm (Figure 2i). This asymmetric CL
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spectrum could be the sum of FA- and Cs-based -MHP emis-
sion, respectively, suggesting the imperfect mixing of FA and
Cs in the MHP.[¥)

After annealing the MHP at 150 °C, flat and ribbon-like
structures emitting CL characteristic of &6CsPbl; emerge
across the surface of o-MHP (Figure 2b-f,j). Meanwhile, sharp
needle-like structures with a diameter of <100 nm (marked
with red lines) appear on top of the ribbon structures. These
structures exhibit no appreciable CL emission in our detection
band of 350-1000 nm, and thus we assume they are composed
of CsI. Note that the stronger CL emission from the o-MHP
is observed at the grain boundaries rather than the grain sur-
face, possibly as a result of a higher concentration of free car-
riers at these regions promoting radiative recombination.[*#2!
Again, the similarity in 443- and 512 nm-passed CL maps is
due to the broadband &CsPbl; CL emission and the sparsity
of Pbl, CL. For the film annealed at 200 °C, the &phase CL
is diminished, but the PbI, phase centered at 510 nm starts
to emerge (Figure 2c,gXk). Further raising the annealing tem-
perature to 250 °C results in a deformation of the o~phase and
the emergence of coarse crystallites on the surface of the MHP
that are morphologically dissimilar from the typical MHP grain
structure in the SEM image (Figure 2d). The 443 nm-filtered
CL map (6-CsPbl; emission) shows strong signals at the MHP
surface and the coarse crystallites, whereas the strong 512 nm-
filtered CL signals (PbI, emission) appear at the regions cor-
responding with the coarse crystallites (Figure 2h,1). This indi-
cates that annealing at 250 °C manifests the emergence of both
6-CsPbl; and Pbl, phases as a result of the deformation of
o-MHP. Additionally, there are non-emissive CL-inactive crys-
tallites embedded into the o+MHP matrix (highlighted with
red lines) that are likely CsI as speculated above. Note that, the
o-MHP phase is observed in the 766 nm-filtered CL map at the
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edge of the coarse crystallites, whereas the 512 nm-filtered CL
signal is positioned around the center of the coarse crystallites.
This is due to the evaporation of FA by thermal decomposition
as speculated in the ToF-SIMS analysis (Figure S6, Supporting
Information); it is likely that the evaporation starts from the sur-
face of the MHP grain, as schematically described in Figure S16,
Supporting Information. Local CL spectra collected at several
points in the scanned area (marked as x in both SEM image
and CL maps) further reveal several other CL bands above the
bandgap of MHP, possibly from the cation-segregated CsPbl;
and/or &FAPDI;.B2% Furthermore, it was observed that the
CL emission from o-MHP phases blueshift with increasing
annealing temperature due to the loss of FA cations from o-
MHP (and subsequent lattice deformation) by evaporation.

If the concentration of inorganic CsI is moderate, it can be
fully dissolved and ionized in solution. Then, the dissolved Csl
can be homogenized with Pbl, precursor and fully contribute
to the formation of MHP with the aid of thermal annealing;
indeed we observe a chemically homogeneous surface in Cs-
moderate MHP system (vide infra; Figure 4). However, if the
CsI concentration is high, CsI microcrystallites can be precipi-
tated from the oversaturated solution during the spin-coating
process. Still, these CsI microcrystallites are covered (wetted)
by the precursor solution that also contains the ionized PbI,.
Complete drying of the solution leaves a structure where the
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¥ cL443nm
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surface of CsI microcrystallite is coated with Pbl,. This subse-
quently leads to a chemical reaction between each inorganic
species at the CsI/PbI, interface, resulting in a thermodynami-
cally stable 6-CsPbl; phase covering the Csl surface as illus-
trated in Figure 3. These cannot be fully converted to o-MHP
phase unless by sufficient annealing > 320 °C;*! however, at
this temperature, decomposition of FA takes place, resulting in
deformed MHP film as observed by ToF-SIMS and CL analysis
(Figures S6 and S16, Supporting Information). As a conse-
quence, once these crystallites emerge, they cannot be trans-
formed to o-CsFA MHP during film processing.

Different spectral and morphological features were observed
from the Cs-moderate iodide MHPs. Before annealing,
the number of CsI micro-crystallites covered by &CsPbl,
(i-e., rod-shaped structure; marked with yellow line) and the
region emitting &-CsPbl; CL is largely reduced (Figure 4a—e)
compared with the Cs-rich iodide MHPs. In addition, the
o-MHP CL exhibits a symmetric single peak, implying that the
Cs* and FA* are homogeneously mixed with each other across
the film (Figure 4i).

After annealing the film at 150 °C (Figure 4b,f), the residual
region emitting 6-CsPbl; CL disappears, and the o-CsFA MHP
CL is bright and relatively uniformly distributed across the
film. Nominal grain sizes of 200-300 nm (estimated from the
SEM image) are observed in the MHP with higher intensity

a-CsFAPblI, Local CL Spectra

Pbl, 5-FAPbl; a-CsFAPbI,
6-CsPbl, ! ! CsPbl 1 T(C)
e ms e ssmupen '7C)
L ' RT |

Normalized Intensity (a.u.)

CL 787 nm

>

o
<Ce

max Wavelength (nm)

400 500 600 700 800 900 1000

Figure 4. a—d) SEM images, e—h) CL microscopy maps, and i-l) local CL spectra (marked in SEM image) of Cs-moderate iodide MHPs, with increasing
annealing temperature: a,e,i) unannealed, b,f,j) 150 °C, ¢,g,k) 200 °C, and d,h,l) 250 °C, respectively. Scale bar: T um. The regions highlighted with red
lines indicate Cs-inactive areas, assigned to be Csl. For i-l), the spectral regions where the CL peak corresponds to each phase are displayed as a color

bar on top of the plot.
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CL signals at the grain boundaries but no change in the spec-
tral line shape across the film (Figure 4j). Meanwhile, Pbl, CL
emission is observed from a few isolated spots in the film. Con-
sidering the observations from that of Cs-rich MHP, these fea-
tures not only suggest that 1) an appropriate Cs composition
ratio is a key factor for homogeneous o-CsFA MHP growth, but
also 2) the formation of the Pbl, phase, at least at an annealing
temperature of 150 °C, can be somewhat reduced once the
initial CsI and &CsPbl; phases are consumed. Note that the
Cs-moderate CsFA MHP film has demonstrated the best PV
performances,3! possibly as a result of the low density of sec-
ondary phases in this film as shown by our CL analysis.

We further explored local phase inhomogeneities in MHP
films at a fixed annealing temperature of 150 °C as a func-
tion of annealing time (Figure S17, Supporting Information).
For the Cs-rich MHPs, the needle-like structures emerging
with prominent 6-CsPbl; (444 nm) CL bands are still inter-
calated in the o-CsFA MHP film matrix even after annealing
for 60 min. Also, small granules exhibiting PbI, CL (512 nm)
are also observed. These results obviously indicate that longer
annealing times fail to fully convert the existing secondary
phases to o-CsFA MHP. This situation is thermodynami-
cally acceptable, as the &CsPbl; is known to be transformed
to o-phase at annealing temperatures exceeding 320 °C.[I In
stark contrast, we could not observe such needle-like struc-
tures and the 6-CsPbl; CL from the Cs-moderate MHP after
annealing for 60 min and the o+CsFA MHP film remained
intact. We also explored the CL characteristics of the CsFA
MHP with a smaller concentration of Cs* (9%) as shown in
Figure S18, Supporting Information, and again, there was
no appreciable CL from &CsPbl; and Pbl, phases. Instead,
shouldered o-CsFA MHP CL at 600-700 nm is observed. This
might be attributed to the emergence of &-FAPbI;, but a more
detailed investigation of MHP films with low Cs concentration
would be necessary. Overall, these observations suggest that
the presence of the needle-like structure and the associated
chemical inhomogeneity in the MHP film is determined by
the concentration of Csl in the precursor solution and cannot
be mediated by annealing conditions.

There is a nontrivial discrepancy in the CL peak position of
o-MHP between the grain and grain-boundary regions for the
Cs-rich MHP annealed at 150 °C; CL peaks from the bounda-
ries are blueshifted by =16 nm (32 meV) compared with the CL
within grains (Figure S19a,b, Supporting Information). This
difference can be explained by the compositional inhomoge-
neity of the cations: the Cs-enriched composition of the MHP
at the grain boundaries* results in a larger band gap with an
upshifted conduction band minimum.*>4l However, we didn’t
observe these features in the Cs-moderate MHP (Figure S19c
and S19d). This suggests that excessive Cs also result in local
inhomogeneity of the o-MHP phase composition.

When increasing the annealing temperature to 200 °C
(Figure 4c,g k), the density of the PbI, phase increased and the
Sphase appeared in the Cs-moderate iodide MHP. Analogous
to the Cs-rich system, annealing of the film at 250 °C resulted
in the pronounced appearance of &phases, Csl, and Pbl, and
a broadband CL band centered at =710 nm that indicates com-
plex deformation of o-CsFA MHP to &phases (Figure 4d,h,]).1*0)
Also, the CL of the o-MHP blueshifted with increasing
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temperature. Again, these observations suggest that excessively
high temperatures cause losses of FA by evaporation, as specu-
lated from ToF-SIMS measurements (Figure S7, Supporting
Information), resulting in chemical complexities in the MHP
film and degradation of the optoelectronic properties.

Together, CL analysis reveals that the Csl-based aggregates
(observed from ToF-SIMS; Figure 1la) in the MHPs before
annealing are CsI micro-crystallites covered by &CsPbl;. In
Cs-moderate MHPs, these aggregates are fully transformed
to a homogeneous o-CsFA MHP phase by annealing at
150 °C, while in Cs-rich MHP, some of the aggregates remain
even after annealing for longer times or at higher tempera-
tures. In addition, Cs-rich MHPs exhibit a larger bandgap
at grain boundaries compared to within the grains, while the
Cs-moderate MHP exhibits a more homogeneous bandgap
across the film. Annealing at higher temperatures (=250 °C)
deforms the o-CsFA MHPs via thermal decomposition, subse-
quently leaving Pbl, and &phases in the films.

It should be noted that classical global characterization tech-
niques like X-ray diffraction (XRD) analysis only provide lim-
ited insight into chemical inhomogeneities associated with the
MHP films. We collected XRD patterns of the MHPs before
annealing (Figure S20, Supporting Information), revealing the
coexistence of substantial &phase and o-CsFA MHP phase.
However, due to the strong peak overlap between CsI (110)
and o-CsFA MHP (200) at 260 = =275°, as well as the small CsI
crystallites compared to the surrounding 6CsPbl; phase, it is
impossible to claim the existence of CsI via XRD analysis.

We observe that the local phase inhomogeneities are largely
mediated in mixed-halide MHPs, suggesting that the Br incor-
poration promotes homogenization of A-site cations in the
CsFA MHP systems (Note S2, Figures $10,S11, and S21—S23,
Supporting Information).

To explore the effect of inhomogeneity and secondary phases
on (photo-)carrier transport in CsFA MHPs, conductive atomic
force microscopy (CAFM) measurements were performed under
light/dark conditions. For each composition, we compared the
local conductivity of the films annealed at 150 and 250 °C. This
allows us to identify the influence of secondary phases on the
local conductivity of the systems. For Cs-rich iodide MHPs, the
cAFM image of the film prepared at 150 °C exhibited high levels
of local current. However, there was a region where the current
flow was blocked that is likely covered with &CsPbl; as revealed
by CL analysis (Figure 5a). Upon light irradiation, the current
notably increases due to photogenerated carriers but the cur-
rent flow through the area covered with the secondary phase
is still nearly forbidden (Figure 5b). Such a current-blocking
feature is more pronounced in the film annealed at 250 °C
(Figure 5c¢) because of the prominence of secondary phases (in
this case, Pbl, rather than &CsPbls). Interestingly, we observe
that the local dark current and the photocurrent are substan-
tially suppressed (Figure 5d). However, for the Cs-moderate
iodide MHPs, the film annealed at 150 °C exhibited high levels
of dark current and photocurrent and negligible density of
current blocked regions (Figure 5e,f). This is consistent with
the CL results, where the o-CsFA MHP surface is almost free
from secondary phases. After annealing the film at 250 °C,
considerable current-blocked areas emerge, and the local
dark current and photocurrent are suppressed (Figure 5g,h).
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Figure 5. cAFM height (left) and current profiles (right) of a—d) Cs-rich and e-h) Cs-moderate iodide MHPs prepared at different annealing tempera-
tures: a,b,e,f) 150 °C and c¢,d,g,h) 250 °C. For each MHP film, the current profiles under a,c,e,g) dark and b,d,f,h) light conditions were measured at the
same spot, respectively. Scale bar: 1 um. The low-current flowing regions are respectively marked with black and red lines in height and current maps.

Though we could not reasonably separate the contribution of
ionic transport from the total current, these observations clearly
suggest that the secondary phases spatially covering the o-
CsFA MHP matrix totally inhibit current flow across the film.
The excessive annealing temperature can degrade the o~-CsFA
MHP by introducing uncontrolled local inhomogeneities in the
matrix and reducing the density of the photoactive phase. This
is consistent with the parasitic CL bands (e.g., CsPbI; and/or
6-FAPDI; phase-segregated) at the grain surfaces.

The mixed-halide CsFA MHPs exhibit similar features to the
iodide MHPs (Figure S24, Supporting Information). However,
a lower dark current is typically observed at the grain bound-
aries for the samples annealed at 150 °C. Such a local differ-
ence could be explained by a Brrich composition at the grain
boundaries as previously reported, which suppresses the local
dark current.”] Under light irradiation, the Cs-moderate MHP
exhibits increased local photocurrent at grain boundaries as a
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result of charge funneling towards these regions.*8l However,
despite this local increase in photocurrent, the suppression
of current flow at the grain boundaries is pronounced in the
Cs-rich MHPs. This is due to suppressed halide segregation
(particularly, iodine-rich grain boundaries) by larger amounts
of Cs in MHP as previously observed.! After annealing the
films at 250 °C, the local current in the areas without secondary
phases on the surface is drastically suppressed. Significant
phase inhomogeneities created in these films, observed from
CL analysis, may substantially impede charge transport through
the films and produce fewer photocarriers.

Kelvin probe force microscopy (KPFM) analysis further
reveals the electronic structure of the MHP systems, provides
complementary insights into the nanoscopic chemical inho-
mogeneities of the o-CsFA MHP matrix and reveals energy-
level distortion by defective secondary phases. For the Cs-rich
iodide MHP annealed at 150 °C, several spots on the surface
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Figure 6. KPFM height (left) and CPD profiles (right) of a—d) Cs-rich and g—j) Cs-moderate iodide MHPs prepared at different annealing tempera-
tures: a,b,g,h) 150 °C and ¢,d,i,j) 250 °C. For each MHP film, the current profiles under a,c,g,i) dark and b,d,h,j) light were measured at the same spot,
respectively. Scale bar: 1 um. e,fk,I) CPD distributions of the corresponding MHP films. The low and high CPD regions are respectively marked with

red and black lines.

(red-marked) that are likely to be the secondary phases exhib-
ited lower contact potential difference (CPD) — a difference of
work function between the AFM tip and surface — than that of
the MHP grain (Figure 6a). This indicates the secondary phases
exhibit lower work functions than MHP, distorting the local
electronic structures. Under light irradiation, the level of CPD
over the surface is increased by 163 mV, which corresponds to
the surface photovoltage of the o+CsFA MHP (Figure Gb—e).
Meanwhile, the local CPD inhomogeneities, mainly identified
at the grain boundaries and secondary phases, become more
pronounced under light irradiation, contributing to the larger
CPD distribution width. We observe higher CPD at grain
boundaries of the MHP film than in grains when the sample
is optically excited but no appreciable differences under dark
conditions, which could be a result of photogenerated hole
accumulation in the shallower valence band associated with
these regions.*>051 Tt should be noted that this MHP contains
only iodide, and therefore halide segregation is not respon-
sible for the CPD inhomogeneity. A Cs-enriched cation com-
position formed at the grain boundaries — observed from CL
analysis (Figure S19, Supporting Information) — would explain
this heterogeneity, and would also be consistent with previous
reports. A type-II heterojunction near grain boundaries
associated with this compositional heterogeneity can block
electrons and allow hole accumulation. The secondary phases
exhibit distinctive local CPD drops, but there are some regions
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— around the sharp needle-like structures that are likely CsI —
showing an increase in CPD (highlighted with a blue-dashed
line). Given the shallow work function of CsI,? the increased
CPD at these regions could be attributed to hole accumula-
tion in Csl. The lower CPD regions covering a broad area
could be assigned to &phases based on our CL phase identi-
fication. Notably depressed CPD distributions are observed
after annealing the sample at 250 °C, although the hole accu-
mulation at the grain boundary becomes weaker (Figure 6c).
Light irradiation further suppresses the average CPD level and
upshifts the work function by 54 mV (Figure 6d,f). While fur-
ther in-depth investigations of this feature are necessary, the
unfavorable secondary-phase energy levels (i.e., dphase and
Pbl,) may severely dissipate photogenerated charges from the
o-MHP, thereby resulting in the negative shift in CPD level.l>’]

By contrast, after annealing at 150 °C, the Cs-moderate MHP
exhibits a homogeneous CPD distribution over the grain and
slightly lower CPD at the grain boundaries, consistent with pre-
vious observations (Figure 6g).*l Also, under light irradiation,
the CPD level increases and results in a surface photovoltage
(i-e., CPD difference between the light and dark condition) of
217 meV, but the change of local contrast in CPD is negligible
(Figure 6h—k). This similar CPD contrast under dark and light
conditions could be attributed to the high conductivity of a film
that is free from structural inhomogeneity, as confirmed by the
cAFM analysis. Such a homogeneous film exhibits optimized
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photocurrent and photovoltage with minimal carrier loss and
is thus ideal for PV applications. This observed homogeneity
can also explain the exceptional performances of CsFA MHP
PVs employing the same Cs composition ratio.?"3! After
annealing at 250 °C, it is again observed that local CPDs at
the secondary phases are lower than those of the underlying
MHP grains (Figure 6i). Under light irradiation, a smaller CPD
increase (70 mV) is observed, and the CPD at grain boundaries
increases (Figure 6j,1). This indicates that, even for the homog-
enized MHP with an optimal Cs composition ratio, annealing
at excessive temperatures impedes the phase homogeneity,
creating off-stoichiometric MHP lattices with local struc-
tural discrepancies. Meanwhile, lower CPDs at the secondary
phases in this film are observed, potentially due to the dissipa-
tion of photocarriers by these defective structures (Figure S25,
Supporting Information).

The same local CPD trends are observed on both mixed-
halide films (Figure S26, Supporting Information). Note that,
regardless of the halide composition, a common feature is
observed. The Cs-rich MHP annealed at 250 °C exhibits a
lower CPD level under light compared to the CPD measured
under dark conditions (Figure 6f and Figure S26f, Supporting
Information). Though the exact reason for this trend is elusive,
it could be explained by Cs-rich metallic states on the MHP sur-
face that results in shallow work functions and thereby reduced
CPDs under light irradiation.

Collectively, both cAFM and KPFM results reveal that
secondary phases significantly compromise the optoelectronic
properties of the MHPs. cAFM analysis confirms that the sec-
ondary phases are insulators that suppress the conductivity and
photocurrent in the MHPs. The secondary phases could be
attributed to CsI micro-crystallites or thermal decomposition of
the MHPs as observed from CL analysis. KPFM analysis shows
the largely different energy level structures of the secondary
phases with o-CsFA MHP phase, resulting in inhomogeneous
surface potential. In device integration, this not only causes
inefficient charge transfer to neighboring charge transport
layers but also severely compromises the photovoltage. These
observations suggest that neither the control of annealing
temperature nor the annealing time are sufficient to achieve
a functional phase-pure o~CsFA MHP. Appropriate choices
of solvents and additives could be effective ways to synthesize
phase-pure structures in Cs-rich MHPs.

3. Outlook

In summary, we comprehensively explored the chemical com-
plexity and the consequent charge transport behaviors and elec-
tronic structures in CsFA MHP systems with complementary
microscopies. Spatially resolved ToF-SIMS and hyperspectral
CL microscopy clearly identify the nontrivial macro- and micro-
scopic local chemical inhomogeneities in the functional MHP
matrices and capture the chemical actions associated with the
structural evolution. As a result, these microscopy analyses
allow us to draw a complete chemical landscape associated
with the fate of the local inhomogeneities in the MHP systems,
which are known to play crucial roles in the performance and
longevity of PV devices. We revealed that substantial chemical
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inhomogeneities — with considerable quantities of CsI and
6-CsPbl; phases — are present in Cs-rich MHPs at the begin-
ning stage of crystallization, and these inhomogeneities cannot
be fully converted to a photoactive o-CsFA MHP phase by
annealing. Reducing the Cs compositional ratio can mediate
the formation of undesired phases after solution processing,
and appropriate thermal annealing further homogenizes the
film to be nearly free from phase inhomogeneities. Mean-
while, thermal annealing also initiates the formation of Pbl,
phases, and other defective phases emerge in the MHPs with
increasing annealing temperature. Excessive Cs also result in
Cs-enriched grain boundaries and a more disordered energy-
level landscape. The incorporation of Br further regulates the
local inhomogeneities at the initial stage, and cAFM and KPFM
analysis reveal that such defective inhomogeneities compro-
mise the optoelectronic properties of MHP films, particularly
the conductivity, photocurrent, and photovoltages. All these
observations suggest that the practical aspects associated with
the film fabrication stage — beyond the typical Goldschmidt tol-
erance factor or thermodynamic predictions based on calcula-
tions —must be further considered for the synthesis of CsFA
MHPs. Note that this argument can also be generalized to other
MHP systems, such as FAPbI;, where a variety of chemical
additives need to be included for the film fabrication. This can
also cause local chemical complexities in the matrices. The key
observations and fundamentals uncovered in this study pro-
vide a blueprint for the design of materials and devices with an
emphasis on controlling the MHP’s optoelectronic properties.

4. Experimental Section

Fabrication of MHP Films: First, 1.2 M of four different
Cs,FA_Pb(Br,ly)s MHP precursor solutions (x = 0.17 and 0.33, and
y = 0 and 0.17) were prepared by dissolving a mixture of respective
amounts of Pbl,, FAI, PbBr, and Csl in a mixed solvent of DMF and
DMSO (DMF (v):DMSO (v) = 2:1) in an N, glovebox (< 2 ppm of O,
and H,0). These solutions were respectively spin-coated on the FTO
substrates. A two-step spin-coating process was used for making
the films; 1000 rpm 10 s(1000 rpm s7') followed by 6000 rpm 20 s
(2000 rpm s7'), with the MHP solution added before spin-coating.
Chlorobenzene was gently added 5 s before the end of the second
step. The films were then annealed at the target temperature (i.e., 150,
200, and 250 °C) for 10 min. Films were transported in vacuum-sealed
containers.

ToF-SIMS Measurements: ToF-SIMS measurements were performed
using the ToF-SIMS.5.NSC instrument (ION.TOF GmbH, Germany) with
a vacuum level at the main chamber of around 1078 mbar. Bis** ion gun
with the energy of 30 keV, DC current =0.5 nA, and spot sizer =120 nm
was used as the primary ion source for chemical analysis. Experiments
were carried out in positive and negative ion detection modes with mass
resolution m/Dm = 100-500. Low energy electron flood gun was used
for charge compensation during the experiments.

Hyperspectral CL Microscopy: An FEI Quattro environmental SEM with
a Delmic Sparc CL collection module, utilizing a parabolic mirror to
collect the CL signals from the film upon e-beam excitation, was used.
An electron beam with an acceleration voltage of 5 kV (with a beam
current of 32 pA) was passed through a hole in the parabolic mirror
for sample excitation and an acquisition time of 400 ms per spectrum
was used for CL signal collection. The pixel size was set to 40 nm. All
measurements were conducted in a low vacuum environment of 50 Pa
H,O vapor to effectively mitigate sample charging. It was noted that
such measurement conditions did not cause any observable sample
degradation during measurement (over a week).
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XRD Characterization: XRD patterns of the MHP films before
annealing were collected by using a high-resolution X-ray diffractometer
(Empyrean, Malvern Panalytical).

Non-Negative Matrix Factorization (NMF) Analysis: NMF was a
classical form of the unsupervised unmixing machine learning approach.
This was an algorithm in multivariate analysis. An input data was
factorized into desired endmember-abundance pairs with the property
that all endmembers had no negative components. Particularly, this
approach was suitable for analyzing CL data where all spectra in a
spatial map were inherently non-negative due to calculating molecular
mass. NMF data analysis was performed on google Colab using Python
3.6 and scikit-learn 0.22.1 library.

cAFM and KPFM Measurements: A commercial AFM (Cypher, Oxford
Instrument) was used for the measurements with a Pt/Ir-coated Si AFM
tip (ElectriMulti 75G, Budget Sensors). For cAFM, a dual-gain ORCA
(Oxford Instrument) cantilever holder was used. A conductive wire
was soldered on the metal sample holder. This was mounted into the
instrument to establish a closed electric circuit between the tip and
sample and a fixed bias of 2 V was applied to the film. For KPFM, a
lift height of 40 nm was used to detect the optimized CPD. The light
irradiation and dark condition were established by modulating the
aperture size of the microscope light source from 100 to 0%.
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